external stimuli affect these clock timing processes. In this regard, one pathway that is of particular interest is the CReB (cAMP response element-binding protein)/ CRe transcriptional pathway.
CReB is a member of the basic helix-loop-helix family of transcription factors, which include ATF1-4 and CReM. CReB transactivation is a complex multistep process that appears to be initiated by the phosphorylation of Ser 133 via a number of Ca 2+ as well as cAMP-activated kinase pathways (Impey and Goodman, 2001 ). This event allows the KID domain of CReB to bind to the scaffolding protein CBP (CReBbinding protein) . This physical association between CReB and CBP stabilizes the basal transcriptional complex and thus facilitates gene transcription (Mayr and Montminy, 2001) . With respect to SCN physiology, the potential importance of CReB was revealed in a series of reports showing that the pathway is activated by photic input (Ginty et al., 1993; Ding et al., 1997; von Gall et al., 1998; Obrietan et al., 1999; Gau et al., 2002) and plays a significant role in light-induced clock entrainment (Gau et al., 2002; Tischkau et al., 2003) . Interestingly, CReB activation has been shown to be under control of a circadian oscillator (Belvin et al., 1999; Obrietan et al., 1999; Gau et al., 2002) . This, in addition to findings showing that a number of core clock genes as well as clock-controlled genes are targets of the CReB/CRe pathway (Travnickova-Bendova et al., 2002; Deutsch et al., 1988; Montminy and Bilezikjian, 1987) , raised the distinct possibility that CReB plays a key role in SCN physiology.
To begin to assess the role of CReB in the clock, we generated a transgenic mouse strain in which A-CReB, a dominant-negative form of CReB, is expressed in a tetracycline-inducible manner in the SCN. This mosaic mouse strain, in which a subset of SCN neurons expresses the transgene, exhibits deficits in clock entrainment and is arrhythmic under constant light/ free-running conditions. These data, coupled with our cellular analysis of CReB function in the SCN, indicate a significant role for the CReB/CRe pathway in SCN clock physiology.
MATERIALS AND METHODS

Animals
Details regarding the generation of the A-CReBeGFP (here referred to as "A-CReB::tTA") transgenic mice are found in Lee et al. (2007b) . αCaMKII-tTA (designated "tTA") mice were generated by Mayford et al. (1996) and acquired from Jackson Laboratory (Bar Harbor, Me). The A-CReB strain was generated in a C57/Bl6 background, and αCaMKII-tTA has been bred into the C57/Bl6 background for at least 12 generations. Genotyping information can be found in the Supplementary Methods section. Transgene expression was not repressed via doxycycline at any point prior to the experimental manipulations described here. Of note, histological examination with Fluoro-Jade B, a marker of dead and dying cells, and cresyl violet staining did not detect neuronal loss in any brain region of A-CReB::tTA transgenic mice (data not shown), thus indicating that tonic transgene expression does not affect neuronal maturation or the overall health of the animals. All experimental procedures were approved by the Ohio State University Animal Care and Use Committee.
Behavior Analysis and Doxycycline Treatment
For circadian locomotor activity analysis, age-(10-14 weeks) and gender-matched A-CReB::tTA and control tTA littermates were transferred to cages equipped with running wheels (15-cm diameter), and binned (5 min) wheel rotation data were automatically recorded to PC-running Vital View (MiniMitter Corp., Bend, OR) data acquisition software. To assess the effect of the transgene on free-running rhythms, mice were entrained to a 12-h light:12-h dark cycle (LD cycle) for 10 days and then switched to either continuous darkness (DD cycle) or constant light (LL). During the day, luminescence was provided with a fluorescent white light (~200 lux at midcage level). Animals received a once-weekly food and water replenishment and a change of bedding. Cage maintenance under DD conditions was performed at various times during the subjective night using a dim red light (<3 lux) source. To block A-CReB expression, doxycycline (200 ug/mL) was added into the drinking water, which was replenished every 3 days. χ 2 periodogram analysis (Refinetti, 1993) was performed using VBScript software (Circadian Rhythm Laboratory, University of South Carolina: http://www.circadian. org/periodogram.html) to determine the presence of significant circadian locomotor rhythms. For data sets deemed statistically significant, regression analysis was performed using the Actiview software program (MiniMitter Corp.) to determine the free-running period. Data were collected on the days denoted in the figures. As part of our analysis of A-CReB::tTA transgenic mice, we also examined total daily activity under LD, LL, and DD conditions.
To assess the entraining effects of light, mice were transferred to DD for 10 days and then received a light pulse (50 or 100 lux, 15 min) at circadian time 15 (CT15). The least squares linear regression approach described by Daan and Pittendrigh (1976) was used to assess the entraining effects of light. Thus, activity onset was calculated for the 6 days preceding light treatment and 3 to 10 days after light treatment. The difference in the projected versus the actual activity onset between the 2 lines was determined to be the phase shift. Group data were expressed as mean phase shift ± standard error of the mean (SeM). Significance was assessed via 1-way ANOVA. p < 0.05 was accepted as statistically significant.
Immunohistochemistry
Mice were dark-adapted for 2 days and killed under dim red light via cervical dislocation at multiple time points over a 24-h period. Brains were then isolated and immersed in oxygenated physiological saline and thick-sectioned (600 μm) with a vibratome. Tissue was then fixed in 4% formaldehyde (PFA), incubated in 30% sucrose overnight, and then thincut (40 μm) using a freezing microtome. For DAB staining, sections were initially washed (3x) in phosphate-buffered saline supplemented with 0.1% Triton X-100 (PBST: 10 min), then incubated in 0.3% H 2 O 2 in PBST (15 min). Next, tissue was blocked (1 h) in 5% goat serum/PBS and incubated (overnight, 4 °C) with antibodies against the following: mPeR1 (rabbit polyclonal IgG, 1:10,000 dilution; provided by Dr. Steven Reppert, University of Massachusetts), mPeR2 (1:500 dilution; Alpha Diagnostic Intl. Inc., San Antonio, TX), VIP (rabbit polyclonal IgG, 1:1000 dilution; Santa Cruz Biotech, Santa Cruz, CA), AVP (porcine polyclonal IgG, 1:1000 dilution; Peninsula Labs, San Carlos, CA), or GFP (rabbit polyclonal IgG, 1:5000 dilution; acquired from Dr. Luc G. Berthiaume, University of Alberta, Canada). Next, sections were incubated (2 h) at room temperature in biotinylated secondary antibodies (1:300 dilution; Vector Laboratories, Burlingame, CA) and then placed in an avidin/biotin HRP complex for 1 h (prepared according to the manufacturer's instructions). The signal was visualized by the addition of DAB-nickelintensified substrate (Vector Laboratories) and mounted on gelatin-coated slides and cover-slipped with Permount media (Fisher Scientific, Houston, TX). Images of diaminobenzidine (DAB)-labeled sections were captured using a 16-bit digital camera (Micromax YHS 1300; Princeton Instruments, Trenton, NJ) connected to a Leica DM IRB microscope (Nussloch, Germany).
Immunohistochemistry Quantitation
All data were quantified using MetaMorph software (Universal Imaging Corporation, West Chester, PA). For the analysis of mPer1, mPeR2, VIP, and AVP expression from DAB-labeled tissues, images containing the central SCN were captured using a 10x objective. A drawing tool was used to demarcate the outline of the SCN, and the mean intensity values were obtained. A digital oval (150 × 200 pixels) was then placed in the adjacent ipsilateral hypothalamic region and the average value determined. The SCN to lateral hypothalamic ratio was generated and averaged across 3 central SCN sections per animal. Mean group data were then determined, and significance was assessed using the 2-tailed Student t test. All data are expressed as the mean ± SeM. p < 0.05 was accepted as statistically significant.
Fluoro-Jade B Histochemistry
Cell death was assayed using Fluoro-Jade B (FJB) labeling. Initially, A-CReB::tTA mice were maintained under LL conditions (7 days: 400 lux) and then transcardially perfused (~CT12), and brain tissue was thincut as described above. Next, 40-μm-thick coronal sections through the SCN were washed in water and incubated with potassium permaganate (0.06% for 10 min). Sections were then incubated (20 min) with FJB (0.001%; Histo-Chem Inc., Jefferson, AR) in 0.1% acetic acid. Finally, tissue was immersed in xylene and cover-slipped with DPX.
As a control for the FJB labeling approach, tissue was also processed from an animal that was challenged with an excitotoxic dose of pilocarpine. To this end, the adult male C57BL/6 mouse initially received an intraperitoneal (i.p.) injection of atropine methyl nitrate (1 mg/kg); then 30 min later, it received a second i.p. injection of pilocarpine hydrochloride (325 mg/kg). The mouse achieved status epilepticus (Se) (defined as a continuous motor seizure over a 3-h period). Two days later, the animal was sacrificed and fixed, and brain tissue was thin-cut and labeled for FJB as described above.
RESULTS
To address the functional role of CReB-mediated transcription in SCN clock timing, we generated a transgenic mouse strain that drives the expression of the CReB repressor A-CReB in a tetracycline-inducible manner ( Fig. 1A and Suppl. Fig. S1A ). By dimerizing with the basic region of CReB, and thereby blocking the ability of CReB to bind to the CRe, A-CReB functions as a potent inhibitor of CReB-dependent transcription (Ahn et al., 1998) . The A-CReB construct was designed to express enhanced green fluorescent protein (GFP) from an internal ribosomal entry site (IReS), thereby allowing clear detection of cells that express the transgene construct ( Fig. 1A-C) . A-CReB transgenic founders were crossed to mice expressing tTA via the αCaMKII promoter, which has been used predominately to drive transgene expression in forebrain neurons (Mayford et al., 1996) . Thus far, we have used these bitransgenic mice to examine the role of CReB in a number of pathophysiological experimental paradigms, including seizure-induced cell death, and Huntington-mediated striatal pathology (Lee et al., 2007b Choi et al., 2009) . In these studies, we have shown that the A-CReB transgene leads to marked attenuation of CRe-regulated gene expression (Lee et al., 2007b Choi et al., 2009 ).
Of interest, we noted that a subset of founder lines (2/6) exhibited robust transgene expression within the SCN (Fig. 1B ). This contrasts with other regions of the diencephalon, where little transgene expression was detected. Within the SCN, the A-CReB transgene was broadly expressed (Fig. 1C) ; hence, it does not appear to be localized to a distinct neuronal population (e.g., VIP-positive cells, calbindin-positive cells). Quantitative analysis revealed mosaicism of transgene expression in the SCN; thus, GFP was detected in approximately 60% of central SCN neurons (Suppl. Fig. S1B) . Hence, these animals should exhibit a potent attenuation of CReB function in this subset of the neurons, whereas CRemediated gene expression should be intact in the nontransgenic cell population (~40% of neurons). Given our prior work showing that A-CReB increases vulnerability to neuronal cell stress, we also tested whether cell death could be detected in the SCN of A-CReB::tTA mice. To this end, SCN tissue from animals maintained on constant light (400 lux) for 7 days (see below) was labeled with Fluoro-Jade B, a highly sensitive histochemical marker of cell death and degeneration. Under this condition, cell death was not detected in the SCN or in any other regions of the CNS. As a validation of the sensitivity of the labeling procedure, FJB-labeled tissue from the piriform cortex of a mouse exhibiting pilocarpine-induced repetitive seizure activity is presented in Figure 1D .
Given that a number of studies have implicated CReB as a key effector of light-induced clock resetting, we initially examined the photic entrainment phenotype of A-CReB/GFP::tTA bitransgenic (denoted "A-CReB::tTA") mice. To this end, A-CReB::tTA mice and tTA monotransgenic littermates (denoted "tTA") were placed in a standard 12-h light:12-h dark cycle (L/D: 200 lux) and then were allowed to free-run under constant darkness (DD). Wheel-running activity was used as an overt measure of clock timing. Of note, A-CReB::tTA mice showed normal entrainment to the LD cycle ( Fig. 2A) and exhibited an equivalent amount of locomotor activity to tTA littermates (Fig. 2C) . Further, under DD, both the amount of running ( Fig.  2A-C) and the free-running period of A-CReB::tTA mice (23.50 ± 0.24 h, N = 11) were indistinguishable from tTA littermates (23.47 ± 0.28 h, N = 7).
Next, the entraining effects of early night light were examined. To this end, we found that a 50-lux light pulse administered at CT15 led to a 150.00 ± 9.54-min phase delay in tTA mice, whereas A-CReB::tTA mice exhibited an attenuated 73.50 ± 33.0-min delay (Fig. 2B) . Interestingly, in A-CReB::tTA mice, doubling the light intensity to 100 lux was still not as effective as a 50-lux pulse in tTA littermates (Fig. 2B) . Together, these data indicate that CReB plays a key role in coupling photic input to circadian clock entrainment. To provide a molecular correlate to the behavioral data, we examined light-evoked immediate early gene expression in A-CReB::tTA transgenic mice. Supplementary Figure S2 reveals that an early night light pulse triggered JunB and cFos expression in A-CReB::tTA transgenic SCN tissue; however, the level of induction was blunted relative to monotransgenic animals. These findings indicate that A-CReB attenuates the lightactuated transcriptional response in the SCN.
Several lines of evidence raise the possibility that CReB-mediated signaling affects SCN clock timing. For example, CRe-mediated gene expression is rhythmically regulated in the SCN (Obrietan et al., 1998) . Likewise, the robustness of SCN rhythms is altered by cAMP, which is a key regulator of CReB phosphorylation . Further, CReB has been shown to affect the transcription of a number of neuropeptides, which have been implicated in circadian physiology (Aton et al., 2005; Maywood et al., 2006; Li et al., 2009) . Given that A-CReB did not affect free-running rhythms under DD, we examined whether the free-running rhythm under constant light would be affected. The constant light (LL) paradigm has been used extensively to modulate the SCN timing mechanism and thus reveals important underlying functional features of the clock. For example, constant light results in a behavioral splitting phenotype, depression of freerunning activity, or under high-intensity conditions, arrhythmia (Aschoff, 1960; Daan and Pittendrigh, 1976) . Interestingly, these effects of constant light appear to occur at a system level. Along these lines, cellular communication within the SCN is affected, whereas the inherent timekeeping capacity of SCN neurons is not altered (Ohta et al., 2005) . Here we examined whether SCN timing under LL was altered by the attenuation of CReB-dependent signaling. For these experiments, A-CReB::tTA mice and tTA littermates were entrained to a 12-h LD cycle as described above and then transferred to constant light conditions (200 lux). In tTA mice, constant light led to the expected lengthening of the circadian period and a sharp drop in total activity (Fig. 3A) . In contrast, a large number of A-CReB::tTA bitransgenic mice exhibited a rapid fragmentation of circadian activity under LL (Fig. 3B) . χ 2 periodogram analysis revealed a complete loss of circadian activity in 6 of 9 A-CReB::tTA mice, whereas 12 of 12 . Table S1 ). Of the 3 A-CReB::tTA mice that maintained statistically significant rhythmicity under LL, 2 mice showed marked fragmentation of activity rhythms; only one mouse exhibited consolidated long period locomotor activity, similar to the tTA mice (data not shown). Together, these data indicate a role for CReB in the maintenance of circadian clock timing. Of note, the total amount of wheel-running activity (both before and during doxycycline administration) was not significantly different between the tTA monotransgenic and A-CReB::tTA mice (Fig. 3C ).
Next, we tested whether the effects of A-CReB could be reversed by application of doxycycline to the drinking water. These experiments address 2 distinct questions. First, is there a development effect of the transgene that compromises the functionality of the SCN? Second, can reactivation of CReB signaling reinstate rhythms in an arrhythmic animal?
For these assays, the free-running rhythm under LL without doxycycline treatment was profiled (as noted above). Mice were returned to an LD cycle, and the drinking water (of both genotypes) was supplemented with 200 μg/mL of doxycycline to suppress transgene expression. Recent work reported that the same dose of doxycycline leads to a rapid repression of tTA-mediated gene expression in the SCN (Hong et al., 2007 ) (Suppl. Fig. S3C ). Following 2 weeks in LD, mice were transitioned to LL. As expected, tTA mice exhibited a marked lengthening of the free-running rhythm. Strikingly, A-CReB::tTA mice also exhibited a long tau and maintained a clear rhythm of locomotor activity throughout the experimental condition (Fig.  3) , thus revealing that the arrhythmic A-CReB phenotype was reversible. We also tested whether doxycycline administration under LL can reverse arrhythmia in A-CReB::tTA mice. Hence, 10 days into LL, drinking water was supplemented with doxycycline. Under this condition, 2 of 5 mice re-established a rhythmic pattern of locomotor activity (Suppl. Fig. S3A and B) , whereas the rest of the animals remained arrhythmic. Together, these data strongly support a role for CReB in the maintenance of circadian clock timing. Further, the ability to reverse the effects of A-CReB indicates that repression of CReB-dependent transcription does not lead to a permanent dysregulation of SCN clock physiology.
To gain insight into a possible mechanism by which CReB influences the clock, we examined the expression of the core clock proteins PeRIOD1 and PeRIOD2 as well as the expression of the clock-regulated peptides arginine vasopressin (AVP) and vasoactive intestinal peptide (VIP). An examination of Period gene expression was based on promoter analysis studies that identified CReB-binding sites in the 5' regulatory regions of both genes (Travnickova-Bendova et al., 2002) ; an examination of AVP and VIP was based on work showing that both peptides influence the clock and are under the control of the CReB/CRe transcriptional pathway (Deutsch et al., 1988; Pardy et al., 1992; Aton et al., 2005; Maywood et al., 2006; Li et al., 2009) . For the examination of PeRIOD proteins, mice were darkadapted for 2 days, and then animals were sacrificed during the subjective day (CT6 and CT10) and the subjective night (CT15 and CT22). We chose to examine PeRIOD protein expression under DD conditions rather than under LL free-running conditions because, unlike LL, A-CReB::tTA mice maintain circadian rhythmicity under DD, and thus, relative transgene expression can be plotted over a 24-h cycle. Immunolabeling of central SCN sections revealed significantly lower expression of PeRIOD1 and PeRIOD2 in A-CReB::tTA versus the tTA mice ( Fig. 4A and B) at multiple points across the circadian cycle.
To examine AVP and VIP expression, A-CReB::tTA mice and tTA littermates were sacrificed at CT15, and central SCN-containing sections were immunolabeled for the 2 peptides. Representative data reveal a significant attenuation in both AVP and VIP in the CReB::tTA versus the tTA monotransgenic mice (Fig.  5A and B) . Of note, the topographical distribution of both peptides did not appear to be affected by CReB repression. Thus, in A-CReB::tTA mice, VIP was enriched in the ventral SCN, and AVP expression was predominantly located within the dorsal and lateral SCN. Interestingly, double labeling for GFP and AVP revealed that strongly transgenic cells expressed relatively low levels of AVP (Suppl. Fig. S4 ). These data provide cellular-level support for immunohistochemical examination of the effects of A-CReB on AVP expression. Together, these results indicate that CReB-dependent transcription influences both the core clock as well as clock-control gene expression, thus providing potential clues regarding how CReB influences overt rhythmicity.
DISCUSSION
The data reported here support previous work showing that light couples to the clock via the CReB/ CRe pathway and reveal a hitherto unknown role of CReB in circadian clock physiology. With respect to the light entrainment data, the A-CReB mice exhibited a significant decrease in the early night phase delay. These data are consistent with a prior study that employed a CRe decoy oligodeoxynucleotide to sequester CReB and in turn suppress light entrainment of the clock in vivo (Tischkau et al., 2003) , and with work showing that phosphorylation of CReB at Ser 142 influences light-evoked clock entrainment (Gau et al., 2002) . Interestingly, our data revealed an approximately 50% attenuation of the light-evoked phase delay. This attenuated light entrainment phenotype could be interpreted in several ways. First, attenuation (rather than complete inhibition) might result from the mosaicism of the A-CReB transgene. Hence, given that the transgene was expressed in approximately 60% of the cells, it is likely that robust lightevoked CRe-mediated gene expression was preserved in the subset of retinoreceptive SCN neurons that did not express the transgene. A second possibility is that CRemediated gene expression is one of several independent cellular signaling events that function in an additive manner to regulate clock entrainment. Along these lines, several studies have indicated roles for a number of ostensibly CReB-independent transcriptional, translational, and posttranslational events in clock entrainment (Coogan and Piggins, 2003; Oster et al., 2003; Jakubcakova et Although the precise mechanism by which CReB contributes to overt rhythm generation is not known, there are 2 leading possibilities. The first is that CReB-dependent transcription facilitates robust cycling of the core clock transcriptional loop. Thus, in A-CReB-expressing SCN cells, a damped molecular rhythm could lead to an overall weakening of the SCN circadian clock; under the desynchronizing influence of the LL paradigm, this could result in a rapid loss of a coherent clock-output signal. This interpretation is supported by work showing that CReB-dependent transcription exhibits a circadian oscillation (Obrietan et al., 1999; O'Neill et al., 2008) and that disruption of upstream signaling events (i.e., adenylyl cyclase activity), which are tightly coupled to CReB transactivation, dampens SCN molecular clock amplitude, as assessed via period2-luciferase rhythms . Interestingly, in Drosophila, disruption of CRe-mediated transcription results in a shortened circadian period and a reduction in the amplitude of the period circadian rhythm (Belvin et al., 1999) . Consistent with these observations, we detected a reduction in the amplitude of the PeRIOD1 and PeRIOD2 rhythm in A-CReB transgenic mice. At a molecular/mechanistic level, the most parsimonious explanation for these results is that CReB directly facilitates the rhythmic, e-box-dependent transcription of core clock genes. Of note, a number of clock genes, including period1 and period2, contain CRes within their regulatory region, and with respect to period1, reporter studies have shown tight regulation via the CReB/CRe transcriptional pathway (Travnickova-Bendova et al., 2002) .
The second potential mechanism involves a decrease in the expression of clock-output genes, whose protein products serve as coupling cues within the SCN. For example, a number of rhythmically regulated neurohormones, including somatostatin, AVP, and VIP (Kalsbeek et al., 1995; Ban et al., 1997; Yang et al., 1994; Dardente et al., 2004) , contain one or more CRes within their promoter regions (Deutsch et al., 1988; Montminy and Bilezikjian, 1987; Pardy et al., 1992) , and thus, abrogation of CReB-dependent transcription could reduce their expression. Of note, prior work has shown that AVP expression is positively regulated by CLOCK/ BMAL1 transactivation (Jin et al., 1999) . Thus, the observation reported here, showing that CReB repression leads to a reduction in PeR expression, might lead one to predict an upregulation of AVP (as a result of the derepression of CLOCK/BMAL1). However, our data reveal an opposite effect (i.e., a reduction in AVP expression). This finding, coupled with work showing that AVP transcription is regulated by CReB, suggests that the CRe plays a more prominent role than the e-box in the regulation of AVP in the SCN.
A number of studies have revealed a key role for peptidergic signaling in the coupling of autonomous SCN clock cells. Along these lines, VIP has been shown to maintain SCN rhythmicity by synchronizing pacemaker neurons (Aton et al., 2005 ; Maywood et al., 2006). Likewise, work by Li et al. (2009) suggests that, in addition to functioning as a clock output, vasopressin may also function within the SCN to coordinate individual or groups of cellular oscillators. Here we found that the expression of both AVP and VIP is decreased in A-CReB transgenic mice, thus providing a potential mechanism for the weakened oscillator efficacy. Of note, both the expression and rhythmicity of AVP and VIP are markedly affected by constant light, with VIP losing rhythmicity within a week of LL and AVP exhibiting a residual rhythm at 3 weeks in LL (Isobe and Nishino, 1998) . The approximately 35% reduction in either VIP or AVP reported here may not be sufficient to elicit arrhythmia under LL; however, the attenuated/altered expression of multiple peptides within the SCN could work in combination to affect SCN clock neuron synchronization.
The potential mechanisms outlined above may not be mutually exclusive but rather could work in combination to mediate the effects of CReB in the clock. Along these lines, the disruption of peptidergic content within the SCN would likely alter Gs-cAMP signaling, which in turn would influence the amplitude and phasing of the core clock oscillator . Likewise, disruption of the oscillator (via abrogation of CReB-mediated clock gene transactivation) would likely alter the expression of clock-controlled genes, including the aforementioned peptides. Thus, the dysregulation of both of these intertwined processes could be required to trigger clock desynchronization.
Interestingly, in a subset of the A-CReB mice, LL-induced arrhythmia could be reversed by doxycycline administration. At this point, we can only speculate on the mechanism underlying the reinstatement of rhythms. experiments that examine single cell clock gene rhythms and/or peptidergic output may provide important clues as to how overt rhythmicity is restored following A-CReB repression.
The lack of a significant effect of A-CReB on DD free-running rhythms indicates that abrogation of CReB-dependent transcription in a subset of SCN cells is not sufficient to affect clock timing in the absence of an additional desynchronizing event, such as constant light. This lack of an effect may, in part, result from the mosaicism of neuronal transgene expression. In some respects, this effect may be similar to the mosaic Clock mutant mouse aggregation data described by Low-Zeddies and Takahashi (2001) . In those studies, varying combinations of CLOCK mutant and wildtype SCN neurons in chimeric mice led to a range of phenotypes, depending on the proportion of mutant SCN neurons. These data revealed that coherent circadian rhythms arise from the integration of clock cell phenotypes and, with respect to our data, raise the possibility that a higher percentage of A-CReB transgenic neurons would have led to a more pronounced circadian phenotype. At this point, it is worth noting that a logical extension of this hypothesis is that the reported phenotype might only have been revealed with a mosaic transgene expression pattern, which allows for photic entrainment. Hence, if CReB transcription were completely blocked in the SCN (which might lead to uncoupling of light and the clock), then the LL phenotype would not be revealed.
Together, the data presented here support the idea that the CRe transcriptional pathway plays an important role in orchestrating events that are essential for both the maintenance of robust SCN timing and lightinduced clock entrainment. Additional studies examining clock cell coupling and cell autonomous clock rhythms will be required to reveal the precise mechanism by which CReB affects SCN physiology.
